INTRODUCTION
Reverse transcriptase (RT), a key enzyme of HIV metabolism, is able to carry out DNA synthesis using either an RNA or a DNA template (1) (2) (3) . Some authors state that RT affinity for RNA and DNA templates (K m values) differ by about one to two orders of magnitude (4, 5) . The HIV isolates resistant to AZT and other nucleoside inhibitors contain RT bearing a number of mutations located around the template/primer binding site (6) (7) (8) (9) . These phenomena suggest complex relationships between template/ primer and substrate/inhibitor binding. In this connection, studies of the principles of template binding and recognition by RT are of great interest. One of the approaches to study these aspects is template modification by chemical and enzymatic methods.
Recently we described a mutant form of T7 RNA polymerase (T7 RNAP) containing amino acid substitutions Y639F and S641A. The enzyme is capable of utilizing both rNTPs and dNTPs as nucleotide substrates, fully retaining its specificity for the phage T7 regulatory elements (i.e. promoters and terminators) (10) . It presents a unique possibility of introducing deoxyribonucleotide residues into the RNA chain, resulting in formation of mixed ribo/deoxyribo polynucleotides. These deoxyribonucleotide-containing RNA-like polymers (dcRNA) seem to be very promising models for both nucleic acid structural studies and studies of enzymes using nucleic acids as templates and substrates.
In this paper three main aims were achieved. First, large scale synthesis of dcRNAs was developed. Second, a new class of substrates was proposed as an instrument for studying RT template specificity. Third, the ability of RT to discriminate between dcRNAs and natural RNAs of identical base sequences was demonstrated. We hope that dcRNAs will also be useful in studying other enzymes of nucleic acid metabolism.
MATERIALS AND METHODS

Materials
Unlabelled ribonucleotides, deoxyribonucleotides, dideoxyribonucleotides, XbaI restriction enzyme and RNasin RNase inhibitor were purchased from Promega or Boehringer. Radioisotopes were obtained from Amersham. The sorbent for affinity chromatography, nickel N-tetraacetate-agarose, was purchased from Qiagen.
Oligonucleotide synthesis
The deoxyoligonucleotide template and primers were synthesized on an Applied Biosystems automatic synthesizer according to the instructions of the manufacturer.
RNA and dcRNA synthesis
The T7 RNAP mutant Y639F,S641 was obtained according to Kostyuk et al. (10) . Both wild-type (wt) and mutant forms of T7 RNAP were purified as described previously (11) . RNA and dcRNA templates were obtained by run-off transcription using plasmid pPV19. This plasmid is a derivative of plasmid pTZ19R (USB) containing an inserted SphI-SalI fragment of pBR322 (5) .
Preparative in vitro transcription was carried out according to Pokrovskaya et al. (12) with some modifications. The incubation mixture contained 200 mM HEPES-KOH, pH 7.5, 30 mM MgCl 2 , 40 mM DTT, 2 mM spermidine, 100 mg/ml acetylated BSA, 200 U/ml RNasin, 150 mg/ml pPV19 linearized by XbaI, 500-2000 U/ml T7 RNAP or Y639F,S641 T7 RNAP and various concentrations of rNTPs and dNTPs: 4 mM rGTP and 2 mM each rATP, rCTP and rUTP (for synthesis of RNA); 4 mM rGTP, 8 mM *To whom correspondence should be addressed. Tel: +7 095 135 0590; Fax: +7 095 135 1405; Email: kochet@genom-ii.eimb.rssi.ru Nucleic Acids Research, 1997, Vol. 25, No. 22 4615 dCTP and 2 mM each rATP and rUTP (for dC-RNA); 4 mM rGTP, 8 mM dTTP and 2 mM each rATP and rCTP (for dT-RNA); 4 mM rGTP, 8 mM dCTP, 8 mM dTTP and 2 mM rATP (for dCdT-RNA). The reaction was carried out at 38_C. After 4-5 h the solution was cleared by centrifugation from a magnesium pyrophosphate precipitate and subsequently extracted with phenol and chloroform. The nucleic acids were precipitated by adding 7.5 M ammonium acetate, 100% ethanol to the upper phase followed by incubation at -70_C for 30 min and centrifugation at 14 000 r.p.m. for 10 min. The pellet was washed twice with cool 70% ethanol, vacuum dried and resuspended in 100 µl RNase-free sterile water. Finally, the transcripts were purified by preparative electrophoresis (13) and resuspended in TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). The 32 P-labelled RNA and dcRNAs were synthesized as described earlier (14) . The base sequences of RNAs and dcRNAs were determined by RT sequencing as described (15) .
Reverse transcriptase purification and assay
Escherichia coli BL21(DE3)plysS cells transformed by plasmid pBRP-HR or its derivatives (16) were used as the sources of wt RT p66 homodimer or 'AZT-resistant' mutants containing amino acid substitutions: K219Q (RT219); D67N, K219Q (RT67,219); D67N, K70R, K219Q (RT67,70,219); D67N, K70R, T215F, K219Q (RT67,70,215,219). The cells were cultured in a volume of 250 ml and expression of the RT gene was induced with isopropyl-β-D-thiogalactoside as described earlier (17) . All RT forms were purified by affinity chromatography using nickel N-tetraacetate-agarose resin as described earlier (16) .
RNA (or dcRNA) and DNA heteropolynucleotides (109 nt) with identical base sequences were annealed (1:1) with 20mer deoxyoligonucleotide primer 5′-GCTCTCCCTTATGCGACT-CC-3′ and used as template/primer complexes in RT-catalyzed reactions. The RT assay mixture (20 µl) contained 50 mM Tris-HCl, pH 8.0, 50 mM MgCl 2 , 75 mM KCl, 10 mM DTT, 0.05% NP-40, 50 µM each dATP, dCTP, dGTP and dTTP, 4 × 10 6 c.p.m. [α-32 P]dATP, 200 nM wt RT or RT mutant and variable concentrations of template/primer. Samples were incubated for 50 min at 37_C. The apparent K m values for templates-primers were determined in conditions described by Reardon et al. (18) using the MICROCAL ORIGIN 3.5 program (MicroCal Software).
Gel electrophoresis
The agarose gel electrophoresis was performed as described (13) .
PAGE analysis was carried out in 10% polyacrylamide gel-8 M urea gels in TBE buffer (0.089 M Tris, 0.089 M borate, 2 mM EDTA, pH 8.0) for 2-3 h at 1500 V. The reactions were stopped by addition of sample buffer (30% glycerol, 10 mM Tris, pH 8.0, 1 mM EDTA, 0.2% bromophenol blue, 0.2% xylene cyanol, 8 M urea), heated for 2 min at 95_C and applied to the gels. After electrophoresis gels were dried and subjected to autoradiography.
RESULTS AND DISCUSSION
Synthesis of dcRNA templates for HIV-1 RT
The T7 RNAP mutant Y639F,S641A displays a unique ability to utilize dNTPs in T7 promoter-dependent transcription reactions (10). Thus run-off transcription in the presence of three rNTPs and one dNTP results in formation of a RNA-like single-stranded polynucleotide containing dNMP units in all the corresponding positions instead of the respective rNMP. Figure 1 demonstrates electrophoretic patterns of single and double deoxypyrimidine nucleotide-containing dcRNAs obtained under non-denaturing (Fig. 1A ) and denaturing conditions (Fig. 1B) . Figure 1A illustrates effective synthesis of the fulllength RNA and RNA-like transcripts. The similar mobilities of the transcripts suggests a similarity between the secondary structure of RNAs and dcRNAs. The upper (minor) band on the agarose gel seems to be a conformer of the major product, as repeated electrophoresis of the latter eluted from the gel has demonstrated exactly the same pattern as the run-off transcript (data not shown). This conclusion is also supported by Figure 1B , demonstrating that the electrophoretic mobilities of single band full-size modified transcripts coincide with those of 'parental' RNA.
The primary structures of three dcRNAs obtained by polymerization using mutant T7 RNAP as well as those of two 'wild-type' RNAs synthesized by mutant and wt T7 RNAP respectively were confirmed by RT sequencing. The base sequences of all five full-size transcripts appeared to be identical, thus proving the same structure as predicted by the coding DNA chain of plasmid pPV19 (data non shown). Table 1 shows the total number of dNMP residues incorporated into dcRNAs as well as 5′-end sequences for all synthesized transcripts, with an indication of the respective deoxyribonucleotides. The templates obtained were annealed with the same deoxyribonucleotide primer and used in reverse transcription reactions as template/ primer duplexes.
dcRNA template utilization by RT
Analysis of reverse transcription using dcRNAs and 'parental' RNA as templates has demonstrated their efficient utilization by the wt and mutant RTs. Figure 2 shows the relative efficiencies of DNA synthesis at saturated concentrations of the substrates. It is clear that for all dcRNAs the products are formed in quantities comparable with that for the 'wild type' RNA. Figure 4 shows the DNA products synthesized in RNA-and dcRNA-driven reverse transcription. The presence of deoxyribonucleotides in the templates results both in the appearance/ disappearance of major termination sites and changes in termination intensities compared with 'parental' RNA (see for example bands in positions +60 and +40). These distinctions are individual for each template used. As the base sequences of the 'parental' RNA and RNA-like polynucleotides are identical, one can suggest that RT is sensitive to fine changes caused by the sugar moieties of the introduced dNMPs. No marked distinctions in the patterns for wt RT and 'AZT-resistant' mutants were observed. 
Kinetic analysis
The efficient use of dcRNAs by RT allowed us to carry out a kinetic analysis of the reverse transcription reaction. The RT assay was performed at fixed concentrations of dNTP substrates and variable concentrations of template/primer as described previously by Reardon et al. (18) . Linearity of the double-reciprocal plots was observed independently of the template used, thus suggesting that dcRNA-directed reverse transcription obeys Michaelis-Menten kinetics (data not shown).
As the base sequences of the dcRNAs obtained were shown to be identical with that of the 'wild-type' RNA, a comparison of apparent K m values seems to be adequate for estimation of the relative affinities of RT for the respective template. (19, 20) . As RTcatalyzed DNA synthesis is a multistep process, then, according to the Briggs-Haldane relationship, the K m app of the overall reaction will be equal to some superposition of all intermediate equilibrium steps reflecting the multiple binding/dissociation of enzyme-template/primer (if the reaction is purely distributive) or isomerization of enzyme-template/primer complexes (if it is processive). In any case, for synthesis of a DNA of N nucleotides length we can assume that
where (K)i is an 'elementary' equilibrium constant for each reaction step. Each step, independently of the mechanism involved (i.e. processive or distributive) consists of formation of a productive complex between the enzyme and template/primer with subsequent dNTP binding and phosphodiester bond synthesis. Correct dNTP binding is determined primarily by interactions between the incoming substrate and the appropriate nucleotide in the template sequence. As the affinity of RT for RNA and DNA templates differs considerably (4, 5) , one can propose that besides Watson-Crick pairing between bases, the types of sugars forming the reaction center for each step should contribute to the 'elementary' affinity constant. This means that the 'elementary' constant for the ribonucleotide-dNTP interaction (K r-d ) (in the case of the RNA template) should differ from that for deoxyribonucleotide-dNTP (K d-d ) .
Then, in the case of a dcRNA template of N nucleotides with n ribonucleotide links, K m app should be equal to:
where K r-d and K d-d are the 'elementary' constants for the reaction steps as indicated above. Then
and the plot of lnK m app versus n should be linear, with the intercept and slope equal to Table 2 , lines 2-6) are in close agreement with the experimental ones. Thus the data obtained confirm the correctness of the assumptions made. Recent data (21) demonstrate that the primer 3′-terminal nucleotide and particularly the corresponding sugar moiety influence the affinity for RT. Thus the K i value for an AZTterminated oligo(dT)·poly(rA) complex is about three times lower than the K d of the non-terminated duplex analogue (21) . The data presented here suggest that the sugar moiety of the template nucleotide to be paired with the incoming dNTP immediately downstream of the 3′-end of the primer also contributes to the affinity of RT for the template/primer complex.
For wt RT and all RT mutants tested similar values of K r-d as well as of K d-d were obtained (Table 2 ). This result indicates that the 'AZT-resistant' mutations, known to be located around the template binding cleft of RT (6, 8, 9) , are apparently insensitive to the fine interactions between the incoming dNTP and the template nucleotide to be paired with it. This fact alone is not surprising, since mutated amino acid residues (67, 70 and 215) are rather far from the putative nucleotide substrate binding centre and thus are unlikely to interact directly with the pair to be formed between the dNTP and the complementary nucleotide of the template. Only the sidechain of residue 219 is located close to the dNTP binding site, but its direct interference in recognition and utilization of incoming dNTP is only hypothetical. (6) .
The results presented above illustrate the advantages of dcRNAs as tools in studying nucleic acid-protein interactions. The kinetic approach employed here is believed to be applicable to other nucleotide polymerases. The only seeming limitation to the use of Equation 3 to other enzymes is the case when the latter is strictly processive and the equilibrium constant of the initial stage (i.e. template/primer binding to the enzyme) differs greatly (at least one order of magnitude) from all subsequent isomerization steps. In this case an additional term, lnK init should be included in Equation 3. This alteration results in the plot intercept value and calculation of K r-d and K d-d requiring determination of K init in an independent experiment. The data obtained here (Table 2) demonstrate that, at least for RT, this is not the case and the method developed can be fully applied.
